a Objective: To estimate the impact of antiretroviral therapy (ART) on population-wide adult life expectancy.
Introduction
Antiretroviral therapy (ART) is now widely available in sub-Saharan Africa and there is strong evidence from clinical cohort studies in both developed and developing countries that ART has increased the life expectancy of HIV-infected people in treatment programmes [1, 2] . Extrapolating these estimates to all people living with HIV (PLHIV) is, however, problematic because facility data lack information on those who never make contact with the health system, or, are lost to follow-up.
Here, we use data from a demographic surveillance site in Southwestern Uganda covering a period ranging from the early 1990s to 2012. Repeated community-based testing for HIV ensures that the HIV status is known for most adults, which allows us to estimate adult life expectancy by HIV status and show how these indices changed over time. Previous studies have used comparable data sources to describe mortality trends in terms of mortality rates or the probabilities of surviving adulthood [3] [4] [5] [6] [7] , but detailed studies of population-level trends in (adult) life expectancy are less common [8] . The appeal of life expectancy as an index of mortality is that it is more sensitive to the shift in the age distribution of deaths, and therefore to the fact that ART prolongs the lives of PLHIV rather than eliminates AIDS deaths.
We describe the gains in adult life years in terms of the adult life expectancy of the population as a whole, and the adult life expectancy by HIV status. In addition, we quantify the remaining or residual burden of HIVon adult mortality, and label this the adult life expectancy deficit associated with HIV. A study from South Africa previously used verbal autopsy data and cause-deleted life tables for estimating the life expectancy deficit [8] ; we measure it as the difference between the life expectancy of HIV-negatives and the life expectancy of the population as a whole [9] .
Methods

Description of the Kyamulibwa General Population Cohort
The General Population Cohort (GPC) is a demographic surveillance site with around 23 000 current residents in 25 contiguous villages located in the Kalungu (formerly part of Masaka) district in rural southwestern Uganda. The GPC covered 15 villages between 1989 and 1999 and has since been expanded with an additional 10 villages, including four small trading centres [10] . HIV prevalence in the study site was just under 7% prior to the roll-out of ART in 2004, and increased to 9% in 2010 [10] .
Because mortality may be under-reported during the start-up phase of the GPC, we report results for the period spanning 1991-2012. Data collection revolves around an annual census where information is gathered on changes to household membership (births, deaths, and in and out-migrations). The surveillance is complemented by village informants who record births and deaths in their registers and report on a monthly basis to the project office.
HIV testing and uptake of results Medical surveys with HIV testing have been conducted on an annual basis since the inception of the GPC. Field workers contact all individuals aged 13 years and above who are resident for more than 3 months in the study villages, and obtain informed consent/assent before administering a study questionnaire and HIV testing. Until 2012, blood samples were drawn at home and transported for testing [ [11] . Following the introduction of ART in 2004, the uptake of test results increased to 46%, and to 56% in 2008 [12] . From 2012 onwards, rapid HIV testing with immediate return of test results on the same day was introduced per national guidelines [13] , and the survey approach was also changed to invite participants for testing in a temporary hub in a central location in each village. The proportion of those contacted and accepting to test has not changed much, but the proportion of tested individuals who receive their result is now close to 99% (unpublished data). Participants who are diagnosed with HIV infection are immediately referred for care. Antiretroviral therapy services availability ART became available in the study site in 2004. Most PLHIV choose to go to the Medical Research Council study clinic for treatment, but ART is now also available in nearby public facilities. As per national guidelines, ART eligible individuals have three adherence counselling visits and a medical examination prior to treatment initiation. PLHIVare also required to identify a treatment adherence supporter. Following ART initiation, patients are seen at the clinic after 2 weeks, 4 weeks, and then at 3-monthly intervals, or more frequently if there is a medical need. As for the other aspects of ART services provision, the study clinic closely follows the guidelines of the Ministry of Health for determining treatment eligibility (based on CD4 þ cell count thresholds), and in terms of treatment regimens. The study site may, however, be atypical in the sense that the research clinic is better resourced than most public health facilities in the area. This, for example, also facilitates the proactive follow-up of patients who miss their scheduled appointments. This is not limited to HIV, but also includes patients with other chronic conditions, including diabetes and hypertension. ART coverage in our study population has always been relatively high, and probably somewhat higher than in the rest of Uganda. For example, based on ART initiation at CD4 cell counts 200 cells/ml, the estimated coverage in the GPC in 2008 was 69 versus 53% for Uganda as a whole [12] .
Life expectancy estimates
We estimate trends in three adult life expectancy measures: the adult life expectancy of the general population, the adult life expectancy by HIV status (positive, negative, and unknown), and the adult life expectancy deficit associated with HIV. All estimates are disaggregated by sex.
The adult life expectancy is defined as the number of additional years that a 15-year old can expect to live under the mortality rates that prevail in a particular year or period. It is a synthetic and age-standardized measure of mortality, and accounts for the fact that ART prolongs the lives of PLHIV rather than avoids AIDS-associated deaths altogether. Using continuous-time survival analysis methods, the adult life expectancy is computed as the area under the Kaplan-Meier product limit survivor curve between ages 15 and 100. As done elsewhere, we impose an upper age limit because the contribution of the years lived by centenarians to the overall life expectancy is often trivial but could be biased by age overreporting [8] . Percentile-based confidence bounds around life expectancy estimates are obtained via bootstrapping with 1000 replications. Adult life expectancy estimates are presented for groups of three calendar years because the population is relatively small for single year estimates by sex and HIV status.
The adult life expectancy deficit quantifies the effect of HIV-associated mortality on the population-wide life expectancy. It treats the life expectancy of HIV-negatives as a benchmark of achievable life expectancy and subtracts the observed life expectancy for the population as a whole. In other words, it is the average or per person number of adult life years lost to HIV. The adult life expectancy deficit depends on the epidemic magnitude and maturity as well as the mitigating effects of ART scale-up on HIV-related mortality. Non-HIV mortality will moderate the life expectancy deficit as fewer life years are lost to HIV in a population where the death rates from other causes are high. Younger ages at HIV infection and death will widen the life expectancy gap.
The age at infection and the presence of competing mortality risks are important considerations for understanding sex differences in the adult life expectancy trends and deficit because women have lower non-HIV-related mortality in adulthood and they are usually infected at a younger age than men [14] [15] [16] . Elsewhere, we provide greater detail on factors that invalidate the interpretation of the difference between the population-level life expectancy and the life expectancy of the HIV-negatives as the life expectancy deficit attributable to HIV [9] . This includes correlated mortality risks (e.g. PLHIV have higher mortality rates from causes other than HIV), and spillover effects that may result from increased investments in HIV services, or, the utilization of these services (e.g. PLHIVexperience larger mortality reductions from other causes because of their greater engagement with health services) [8, 17] .
We complement our analyses of adult life expectancy trends with an age decomposition of life expectancy differences to better understand the contribution of mortality differences in each age group to the overall life expectancy difference using a method described by Arriaga [18] . We conduct the age decomposition for two quantities: the overall life expectancy gains that have been made compared with the pre-ART period and the current adult life expectancy deficit.
HIV status imputation procedures
To allocate exposure time to the respective HIV status categories we classify time prior to the first recorded HIV test as HIV status unknown. Failure to do so introduces downward bias in mortality estimates because survivors would be the only ones contributing person-time prior to the first test. Time following an HIV-positive test remains positive until censoring or death. Any time between two negative tests is always counted as negative, irrespective of the interval between tests. The time following the last negative test is considered negative for a duration corresponding to the probability that 95% of their age group remains uninfected given the sex-specific HIV incidence rates or death, whichever occurs first.
Results
In total, 27 925 adults aged 15 years and above have ever been resident in the GPC between 1991 and 2012 and included in the analysis (Table 1) . A little over half (53.8%) of all adults are women and they also contribute the majority of persons-years of exposure (52.4%). Because the HIV medical survey with HIV testing is repeated each year, the HIV status information in the dataset is fairly complete (83.2% of the person-years lived). The average person-year prevalence -defined as the HIV-positive person years divided by the HIV-positive plus HIVnegative person years -is 6.8%.
A total of 2359 deaths occurred in the entire study period (1991-2012). Over half (57.3%) of the deaths occurred after the age of 45 years. The proportion of adults who died was highest among PLHIV (29.5%), followed by those with HIV-negative status (5.5%). Among people with unknown HIV status, 3.1% died (Table 1) . [3] .
The mortality rate reductions have also translated in important gains in adult life expectancy, as illustrated in Figure 1 (Fig. 1a) .
The life expectancy gain among PLHIV is pronounced for both sexes (Fig. 1b) . Before the availability of ART The trend in the life expectancy of adults with an unknown HIV status is similar to that of the population as a whole, but life expectancy estimates are on average a little lower (Fig. 1c) . This suggests that PLHIV are overrepresented among those whose HIV status is unknown.
The adult life expectancy deficit associated with HIV is presented in Fig. 1d Number of unique individuals observed in each age group or HIV status category. Individuals can contribute to more than one category as they age or their HIV status changes during follow-up.
Men Women The total life expectancy gain that is decomposed in the upper panel amounts to 13.2 years for women and 8.8 year for men, and illustrates that mortality reductions in women and men of reproductive age have contributed most to the life expectancy gains that have been made compared with the pre-ARTyears. The age profile of these contributions to the overall adult life expectancy is younger for women than for men, and that is indeed what one would expect given their earlier age at infection [15] . The age-group contributions to the current adult life expectancy deficit associated with HIV (lower panel) are more evenly spread across the adult age range, and that is the case for both women and men.
Discussion
The population in rural Uganda has experienced large mortality reductions between 1991 and 2012, amounting to an adult life expectancy gain of 17 years for women and 13 years for men. The gains in adult life expectancy are largely driven by reductions in HIV-related mortality; a finding that is supported by the life expectancy trends among HIV-positive and HIV-negative individuals: among PLHIV, the life expectancy rose by 20 and 23 years among men and women, respectively. Over the same period, the adult life expectancy among HIVnegatives improved by 6.7 years for women and did not change for men.
The large declines in HIV-associated mortality are also captured by the difference between the adult life expectancy of the HIV-negative population and the life expectancy of the population as a whole. In the early 1990s, this life expectancy deficit was still 16 years or more for both sexes, but has now shrunk to 6 years for women and 3 years for men. However, not all of the decline in the life expectancy deficit is driven by the expansion of ART programmes and could also result from historical declines in HIV incidence [9] . Improvements in the screening for, and management of opportunistic infections may have contributed to the declining mortality among PLHIV prior to treatment availability, but the effect of earlier declines in HIV incidence are probably more important. Mbulaiteye and colleagues [19] reported a decline in HIV incidence in the study population in the early 1990s, which is expected to have caused a decline in mortality around 10 years later [16] . This explanation is corroborated by our results because the adult life expectancy deficit started declining before the introduction of ART in 2004. Incidentally, differences in the timing of the epidemic peak are also likely to explain the apparent discrepancy with a prior study on adult life expectancy trends following the expansion of ART programmes in KwaZulu-Natal [8] . HIV prevalence is three times as high in the South African study site, and one might therefore expect that the expansion of treatment programmes made a larger difference for adult mortality. However, Bor and colleagues estimated that adult life expectancy increased by 11.3 years between 2004 and 2011, which is comparable with the life expectancy gains recorded in this study population, even though its HIV prevalence is much lower. In the Ugandan case, declining mortality because of historical declines in HIV incidence augments the life expectancy gains achieved by the expansion of treatment. In South Africa, the HIV epidemic peaked later and adult life expectancy would have continued to decline in the absence of treatment [8, 9] .
Sex or gender differences in the life-years gained and lost offer a novel perspective on an ongoing debate about equitable access to services [20] . The adult life-years gained by PLHIV is 3 years higher for women than it is for men. As suggested elsewhere, differences in the engagement with health services could explain some of the sex differences in the life expectancy trends of PLHIV [21] . However, this phenomenon is also related to variability in the age of infection and to differences in the background mortality of men and women [9] . Women, for example, are usually infected at younger ages than men [14] [15] [16] , and have lower non-HIV mortality in adulthood. In the absence of treatment, a female HIV infection and death will, therefore, incur a larger loss in life expectancy. Conversely, preventing a female HIV death will entail a larger gain in life-years.
Despite the larger gains in adult life expectancy, women still have a larger life expectancy deficit than men, which suggests that the disproportionate burden of HIV on women persists. The matter is probably more complex than is presented here, however, as the expansion of HIV services may produce spillover effects with possibly different repercussions for male and female mortality from causes that are unrelated to HIV (e.g. via the strengthening of maternal health services provision) [17] .
The study pertains to a relatively small population that has been under active surveillance for the last 25 years, and for these reasons we cannot claim that it is representative for the country or even rural areas within the country. However, with the exception of the community outreach with HIV testing, the medical services provided to this population closely adhere to the national guidelines and are indicative of their potential impact. The results from this study also provide an empirical counterpoint for estimates that rely more heavily on modelling. The WHO, for example, reports changes in Uganda's national-level life expectancy at age 15 between 1990-2012 of 3 years (from 46 to 49) and 6 years (from 42 to 48) for women and men, respectively [22] . Our results from southwestern Uganda are indicative of much larger mortality reductions and corresponding increases in adult life expectancy that are at least twice as high. Bor and colleagues [8] noted equally large differences between a demographic surveillance site in KwaZulu-Natal and national-level trends for South Africa, which suggests that the WHO may have underestimated the life expectancy gains following the expansion of treatment programmes in populations with generalized epidemics.
